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X!TIOW ADVISORY COIQElTEX TOR AEXONAWICS 

REYNOLDS WT4BEB ON THE AERODYNAMIC C€??CTERISTICS 

OF 9370 R E C T m G W  WINGS AT SUPEBSONIC SP;.=EDS 

By Donald E. Colet t i  

An investigation has been =de i n   t h e  Langley  9-inch  supersonic 
tunnel a t  ~ k c h  nunbers 1.62, 1.94, azld 2.41 t o  determine t'ne e f fec ts  of 
nodel  scale a16 stream Reynolds ntllllber on the l i f t ,  drag, m d  pitching 
;nomen% of two geonetrically siniler rectangular wings. The wings had 

thickness   rs t ios  of 0.059, and a scale fac-lor of approxinetely 0.52. 
The Reynolds  nunb=rs of the  tests based on "ne wing chords  varied  betveen 
0.13 x 16 and 2.96 x 106. 

.L symnetrical   circular-arc  cross  sections  with  sspect  ratios of 1.80, 

I 

The r e su l t s  show tha t   e f f ec t s  of scale are smll and, i n  nost  cases, 
negligible. With minor exceptions a t  the  very low Reynolds numbers or" 
t'nese tests ,  t he   e f f ec t  of increasing Iieynolds number (by increasing 
tunnel stagpation  pressure) was t o  increase  the lift, decrease  the 
pitching  mnent,  end decrease  the  drag  in a nanner consistent  with  the 
change i n  ladnar skin-fr ic t ion  drag  to  a point where t r ans i t i on  zppeared 
t o  occur. 

The present   avai lsbi l i ty  of experimental i n f o m t i o n  on the   e f fec ts  
of nodel  scale and of strem Reynolds  n&er of t he  Tlow on the  aero- 
dyneaic c h r a c t e r i s t i c s  of a rectangulerr wing is sozriewht meager and 
isols ted.  Sone results due t o   s c a l e  and  Reynolds number e f fec ts  may be 
found in  references 1 t o  6. References 1 t o  5 coEtsin  information 
obtained st subsoEic  speeds f'or wings alone, and reference 6 conteins 

s o ~ i c  speeds. 
- r e su l t s   fo r  wing-body combinations  obtained a t  both  subsonic and super- 



The pwpose of t i e  presert  investigztion m s  t o   mke  a series of 
t e s t s  ir, the Langley 9-inch  sapersonic  tunnel t o  deterzdne the  e f fec t  of 
nodel scale  for E range of Reynolds n d e r s  by observing  the  variations 
in   l i f t -curve  en6  pitching-momeat-curve slopes m d  0linim-m drag coef- 
ficients of two geomtricel ly  sirxilar rec tangdar  wings. A secondzry 
purpose  of the test progran. m s  to   de te ra ine  the e f fec t  of E s t r e m  
Reynolds nlxnber varie;tion on t'ne aeroiiynamic character is t ics  of the same 
two rec tmgul r r  wings. The wings had symmetrical circular-arc  cross 
sections  with  aspect  ratios of 1.80, thickness  ratios of 0.039, and a 
scale   fzctor  of epproximtely 0.52. The tests vere conducted at 
Reynoltis nmbers v q - i c g  betweeq 0.13 x 106 and 2.96 x 196 (based on the 
wing chords) ea& E t  Mach nunbers OS 1.62 1.94, and 2.41. The engle of 
a t tack of the  whgs was varied between 7' an& -6O. 
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SYMBOLS 

aspect  ratio,  8 
wing span 

wing chord 

angle of a t tack 

pitcking-moment coefficiezt  about 50 percent chord, 

c% theoretical. wwe-drag coefficient 
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theoretical  laminar  skin-friction  drag  coefficient 

theoretical  turbulent  skin-friction  drag  coefficieat 

center  of  pressure * 

Kbch n-mber 

ayF”c pressure, - P 5  
2 

stream  density 

Reynolds  nuuber, - PVC 
P 

wing  area 

m a x i m  wing  thickness 

thichess ratio 

free-strean  velocity 

coefficient of viscosity 

A?PP-&AWS AND TESTS 

Tunnel  

The  Langley  9-inch  susersocic tu-?el is a closed-throat,  single 
ret-nn, continuous  opercting  tunnel  Fn  which the test  section  is  approx- 
imately 9 inches  square.  Different  test  Mach  numbers  .=re  achieved  through 
the  use  of  interchengeable  nozzle  blocks.  Eleven  fine-mesh  turbulence- 
damping  screens  are  installea  in  the  settling  chamber  ahead  of  the  super- 
sonic  nozzle. The pressure, teaerature, and  humidity can be  controlled 
during  the  tunnel  operation. 

Models 

The  models  consisted of two geometrically sidlar rectangular  wings, 
each  having a syzmetrical  circular-arc cross section  and &I esDect  rstio 
of 1.80 and a thic:ness  retio of 0.059. The  size  of  one ving alorg with 
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the s t ing  snd  windshield was reduced by e scale   factor  of approximately 
0.52 *om thet of a larger uir&. A sketch of the  large wing w i t h  the 
pertinent dimensions is  shown i n   f i g u r e  1. 

Balances 

“he lirts, b a g s ,  and p i tch ing   mmnts  of the two wings were 
obtained on two external  balances of the Langley 9-inch  sugersonic  tun- 
nel. Some of the tests were mde with an earlier  balance (mentioned 
herein  as the old  balance) whereas the remaining t e s t s  were made w i t h  a 
later  balance  (hereafter  referred t o  as the new balance). The old bal- 
ance  contained a system of self-belancing beam scales  capable of ueas- 
ming   th ree  conponents, l i f t ,  drag, and pitching moment, a t   s tagnzt ion  
pressures of the order of 1 atmosphere. After the repowering  of the 
tunnel  (to  extend the iieynolds number range),  the old balance was nodi- 
fied t o  convert it in to  a six-conponent  balance  capeble of Eeasuring 
forces a t  stagnation  pressures of the  order of 4 atmospheres. Tne s t ing  
mounting of the wings was izentical  for  both  balances, the rear  portion 
of the  sting  being  enclosed by a windshield so tha t  a l l  unnecessary 
external  forces could  be e l h i n a t e d .  As seen i E  figure 1, the nose of 
the  windshield was made f lush   v i th  the sting shoulder and the  pressure 
within was adjusted  to   f ree-s t rea?  s ta t ic   pressure.  

Corrections, which have been standardized and considered  routine 
for wing-sting t e s t s   i n  V i i s  f ac i l i t y ,  w e r e  applied t o  the drag of the 
wing-sting  configurations t o  account fo r  the dif’ference between IYae- 
stream  press.De and the pressure at the  base of the support  sting 
shoulder. 

Tests 

Tests were conducted at, Mach numbers of 1.62, 1.94, and 2.41. Meas- 
urements were mde of the l i f t ,  drag, end pitching nouent  about the 
50 percent  chord. Reynolds nmbers of the t e s t s  based on the wing chords 
were varied between 0.13 x IO6 and 2.73 x 10 6 et M = 1.62, between 
0.13 x 106 and 2.96 x lC6 af; M = 1.94, and between 0.19 x 10 6 and 
2.59 x lo6 a t  M = 2.41. The Reynolds number fo r  each wing wzs varied by 
char-ging the twnel stagna.tion pressure. The angle of a t tack of each 
w i n g  was indicated on ti scele,  graduated i n  degrees, by means of a ligbt 
beam ref lected Tram a srr~ll mirror mounted f lush on the  s t ing as shown 
in   f igure  1. The range of angle of a t t sck  was between 7O and -Go. 
Throq-hout the   t es t s   the  dewpoint in   the   tunnel  -was maintained at a level 
where condensation  effects would be  negligible. 
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me probable  accuracies of the   t es t   var iab les  and e e r o d y m i c  
quan t i t i e s   a t  e l l  Mach nmibers and a t  Reynolds numbers Of 0.20 X lo6 
m d  2.8 x 10 4 are  believed  to be within  the 1 i d t S  given in the fol- 
lowing table: 

PRESEIiTATIOK OF DATA 

The serodynanic  quantities of the large  rectangular wing obtained 
I on the old and the new balances are  presented i n  figures 2, 3, and 4 a t  

Bkch nmibers 1.62, 1.94, a d  2.41, respectively. The aeroaynanric q w -  
t i t i e s  of the smll r e c t m g u l u  wing also  obtained on the old md new 
balances  are  shorn  in  ligures 5,  6 ,  en& ‘7 ai; Wch numbers 1.62, 1.94, 
snci 2.41, respectively. The variocs Reynolds r-umbers at which a l l  of 
the  data were obtained  are  given in   these  f igures .  

It w i l l  be  noted in figures 3(a), 3(b), and 3 ( c )  at  R = 2.96 x 106 
( large wing) and figures 5(a), 5(b), and 5(c) a t  R = 1.54 x 106 (small 
wing) that the  range of  ar-gle of a t tack i s  somewhat l imited.  This w-zs 
due t o  the wings f a i l i n g   s t r u c t u r d l y  because of high loads incurred as 
a result of unfort-Ute failure of e l e c t r i c a l  pover t o  the tunael  drive 
system. 

Soae of t i e  lift data  obtained 011 the  old ba-ce a t  h r g e  negative 
engles of attack (a < -2O) hes been  omitted  (see, for example, 
f i g s .   &(a )  and 4(b) ) to fzc i l i t a te   g resenta t ion  of the  data. 

The vmiat ion of lift-curve  slopes,  pitching-mment-curve Elopes, 
cecters of pressure, and minim 6rag  coefficieEts fo r  the two wings with 
a  variation of Reynolds nmber i s  given in   f igures  8 and 9 Tor each of 
t he  t h e e  Mech nvcmbers investigated.  Coupzison between the  experinental 
results End theory i s  a l so  given i n   t h e  two figures.  
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RESULTS AID DISCUSSION 

L i f t  

It is  seen from figure 8 t’mt good agreeaent i s  obtained between 
the  large and small wings with the  exception at Mach numbers 1.62 and 
1.94 betveen R = 0.9 x lo6 and 1.6 x lC6. For these Mach numbers and 
Reynolds nunkers, the  l if t-curve  slopes of the snall wing are   greater  
than  those of the  large wing. The difference  in  l if t-cmve  slopes 
between the kwo wings is believed t o  be due t o  a variation of the tur- 
bulence level  with  stagnation  pressure i n  -the tunnel. It has been shown 
in  reference 7 that the  turbulence  level  in  the  entrance cone of the 
Lafigley 9-inch  supersonic  tunnel  increases w i t h  increasing  stagnation 
pressure. i f  the  turbulence  level   in   the  tes t   sect ion also increases 
w i t h  increasing  stagnation  pressurey it is  possible that at   the   h ighes t  
Reynolds amber  (or  highest   stagnation  pressure),   the  level of  turbu- 
lence may be su f f i c i en t   t o   c r ea t e  a turbulent boumhry layer on the small 
wing and thereby  reduce any separation that existed on the small wing. 
Under such conditions  the l i f t  of the smll wing wofld be greater  than 
the l i f t  of the  large wing a t  the same Reynolds nu?nber (but a t  a reduced 
stagnakion  pressure). 

Cn the basis of the above reasoning, one night logical ly  conclude 
that the t rans i t ioa  Reynolds nmber will decrease xith increasing  stag- 
nation  pressure. However,  numerous experimental results are available 
t h a t  oppose this conclusian. Results of experiments with a variety of 
model configurations a t   s e v e r d  AWch numbers and in  several   tunnels  (see 
r e f .  8j show t’llat; t r ans i t i oa  Reynolds nmber  increases  xith Fncreasirrg 
tunnel  stagnation  pressure. A t  the  present  t ine,  no sat isfactory explena- 
t i on   AS been  found Tor t’ris phenonena. Therefore i n  view of the  contra- 
dictory  conclusions  betveen  the  experimeatal  results and the log ica l  
expectations, it would be very d i f f i cu l t  t o  a t t r i bu te  the l i f t  differences 
betveen  the small and large wings t o  e simple scale   effect ,  that is, 
changes ir? model dimensions. 

As shown i n  figure 8, an  increase  in Reynolds n u b e r  (by increasing 
stagnation  pressure)  causes  an  increase in   l i f t -curve  s lope  for   both the 
large aRd small wings. However, the r a t e  of increese of l if t-curve  slope 
w i t h  Reynolds r ? h e r  generally  decreases with increasing Mach number. 
The l i f t -curve slope a t  Ef = 1.62 increases as much as 18 percent  over 
the  iieynolds  nuiber  range whereas a t  M = 2.41 the  increase i s  only 
10 Dercent. 

T’neoretical  values o? lift-curve  slope  obteined from reference 9 ere  
also presented ia figure 8. At Mach Embers of 1.62 End 1.94, the pre- 
dicted  values  agree ~ - t h  %he experiaental  values et tine internediate 
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- 
Reynolds nmbers,  but at the  high Reynolds numbers experiment i s  under- 
predicted and a t  the low Reynolds nmbers it is  ove-rpredicted. A t  a 

good  tlhroug!!out the Reynolds number range. 
- Mach  number of 2.41, the  agreeaent bet-deen experinrent and theory i s  very 

Pitching Mment 

The pitching-zoment-curve  slopes of figure 8 are presented using a 
large  ordinate  scele so that e r fec ts  due t c   t h e  Mach nuuber and Reynolds 
nufber might be more readily o’bserved and compared. In  view of the over- 
a l l  accuracy of the  neasurements (fO .OOOl’ at  R = 0.20 x 106 and fO.0001 
a t  3 = 2.80 x 106) it i s  probable that the  differences  in  the pitching- 
mment-curve slopes of the two wings a t  each Mmh nuxber are not  too 
s i g r d f i c m t  and, ss a resu l t ,  would seen to   i nd ice t e  no e f fec t  due t o  
model scale.  

It i s  further  seen the t  the pitching-moment-curve slopes of the two 
wings increase t o  a aaximm  value a t  the  very lox Reynolds numbers md 
then  decresse at e decreasing rate as   the Reynolds number is  further 
increesed. Th i s  occurs a t  ell t he  Mach nunhers  investigated. The 
pitching-maent-curve  slope a t  M = 1.62  varies  apsroximately 23 per- 
cent  over the Reynolds  nunber  range  vhereas a t  M = 2.41 the  variatiozl 
is as much as 34 percect. 

Theoretical  values of pitching-moment-curve slope obtained from 
reference 9 Ere i n  poor agreement with the experimental results et  a l l  
the Mach numbers and Reynolds nunbers of this investigation. 

Center  of Pressure 

The theoret ical   locat iocs  of center of pressure sho-m in   f i gu re  8 
a re  between 5 end 10 percent  rearwmd of the  experimentel  locations. In  
general,  there  appears t o  be  no s i p - i f i c a n t   e f f e c t  due to scale  through- 
oct   the  Reynolds nmber  range. 

Even though the q ien t i ta t ive  zgreement  betk-een theory and experiment 
is not  too  favorable  for  tie  center-of-pressure  locations, there is  
agreement que1i.tativel.y in   t he   e f f ec t  of Mech number. A t  any Mach  number 
of t h i s  investigation  the  location of the center of pressure moves toward 
the leading edge et the l o w  Reynolds numbers and then  gredually shir”ts 
rearward at a aecreesing rate with ilzcreasing Reynolds number t o  a con- 
si,an-t location a t  the higher iieynolds numbers. 
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Drag 

It is  seen i n  figure 9 that   there  are l i t t l e   o r  no s ignif icent  
differences  in   the  minim.   drag  coeff ic ients  between the  large and smll 
wirgs at the three hkch numbers end over the Reynolds number range w i t h  
the  exception a t  Wch number 1.62 and above a Reynolds nu-ber of 
1.2 x lo6. A t  t h i s  Mech nunber and above t h i s  Reynolds nmber  the nhi- 
num drag  coefficients of the small wing are  greater  than  those of the 
large wing. These differences  are  believed  to be due t o  a varFation of 
the  tunnel-turbulence  level with stagnation  pressure  as was described i n  
comection w i t h  the l i f t s  i n  En ear l ier   sect ion.  

For the Reynolds number range of t h i s  investigation,  the mtninum 
drag  coefficients at M = 1.62 were found t o  decrease  approximately 
29 percent, a t  M = 1.94, 43 percent, and a t  M = 2.41, 38 percent. 

Theoretical wave drag  coeff ic ients   hninar   skin-fr ic t ion 
c%p 

Crags %f ( l a m )  , and turbulent  skin-friction drags %,(turb) are a l so  

presented  in  f igure 9 as .z function of Reynolss number. The theore t ica l  
wave-tirag coefficients were obtaineci from reference 10. The Blasius 
incDmpressible theory was used to   obtain the  lazninar skin-fr ic t ion drags 
wherezs the Fr&-Voishel  extended  theory was used. to   obtain  the tur- 
bulent  skin-friction  drags. The conclusions  reached in  reference 7 
showed that these two skin-friction  thecries gave setisfactory  predictions 
of experimental  skin  frictions. A curve  representing a sunmation of %w 
and CDf (lam) (f ig .  9 )  agrees w e l l  ui th the  experimental results (except 

a t  the  very low Reynolds numbers) at a l l  three Fach numbers up t o   t h e  
point where trensitfon  apgears t o  begin.  Transition  tends t o  be indi- 
cated by the divergence ’oetween the experinentel   results and the  theo- 
r e t i ca l   r e su l t s .  As the iieynolds number increases,   the  minim  drag coef- 
f i c i en t  of the large wing at 14 = 1.62 increases and approaches the 
t h e o r e t i c a l   t o t a l  drag of the wing having a colqpletely  turbulent boundary 
leyer . 

I 

CONCLUSIONS 

An investigation  has been  conducted i n   t h e  Langley  9-inch  supersonic 
tunnel E t  Mach numbers of 1.62, 1.9&, and 2.41 t o  determine the   e f fec ts  
of nodel  scale and s t r eaz  ReynoUs nunber on the aerodpmic  character-  
ist ics of %wo geonetrically  similar rectar-gular wings. The wings had sym- 
metrical   clrmlar-arc  cross  sections with aspect   ra t ios  of 1.80, t h i c h e s s  
r a t io s  of 0.059, and a scale  factor of appoximately 0.52. The/limits OS 
the Reyno$ds nmiber range for  this  investiga.t ion were 0.13 x 100 and 
2.96 x 1CQ. The following  conclilsions are indicated: 
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1. L i t t l e  or no scale   effect  was found over most of the Reynolds 
cumber range st the  three test  Mach nmibers. However, ai; Mach numbers 
of 1.52 and 1.94, the  lift-cumre  slopes s-d Irinimm drag coefficients 
of the  smll ning at the higher Zeynolds numbers were slightly greater 
then  those of the  large wing. This was believed t o  be Cue t o  a relation- 
ship between tu-nnel-turbulence levels  end stagnation pressure. 

2. With Dinor exceptiom at the  very low Reynolds nunbers of these 
L bests ,   the   effect  of increasing Reynolds llumber (by increasizg  tunnel 
stagnetion  pressure) was t o  increase the l i f t ,  decrease the pitching 
moment, and decrease  the  dreg i n  a mmer consistent with the change i n  
laminar skin-friction drag t o  a point where t rans i t ion  appeared t o  occur. 

Langley Aeronuatical  Lzboratory, 
Natioaal Advisory Committee for  Aeronautics , 

Langley Field, Va., April 12, 1955. 
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Figure 1.- Sketch of n1odc.l. assembly w i t h  the gemet r l c  parmeters of the 
two wings. Dimensions  on sting and w.indr;l.rield are fo r  large wing. 
Similar dimensions on o m a l l  wing are xeduced-by an average factor of 
0.52. AI.1 dimensions are i n  inches. 
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FIgure 2.- Aerodynamic characteristics of the large A = 1.80 rectangular 
wing at M = ~ 6 2  :for various Reynolds numbers. 
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Figure 2.- Continued. 
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